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output lines and a data strobe line may be provided. The
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figured to perform training on the data mput and output lines

by adjusting a delay of a data strobe signal sent through the
data strobe line and adjust delays of the data input and output
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STORAGE DEVICE AND OPERATING
METHOD OF STORAGE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 16/834,595, filed on Mar. 30, 2020, which 1s a continu-

ation of U.S. application Ser. No. 15/993,533, filed on Jun.
1, 2018, now granted as U.S. Pat. No. 10,607,672 on Mar.
31, 2020, which claims priority under 35 U.S.C. § 119 to
Korean Patent Application No. 10-2017-0136044 filed Oct.
19, 2017, 1n the Korean Intellectual Property Oflice, the
disclosure of each of which 1s incorporated by reference
herein 1n 1ts entirety.

BACKGROUND

Example embodiments of the inventive concepts relate to
semiconductor memories, and in particular, to storage
devices and/or an operating methods thereof.

The function of a semiconductor logic device 1s being
improved as technologies for manufacturing the semicon-
ductor logic device develop. In particular, as the function of
the semiconductor logic device used as a memory controller
1s 1improved, a system 1n which one controller controls a
plurality of semiconductor memory devices 1s being devel-
oped and used.

A controller and a memory device communicate with each
other through data input and output lines. Training may be
performed to improve reliability of data transmission
between the controller and the memory device through the
data mput and output lines. The training includes aligning
transmission and/or arrival timings of pieces of data sent in
parallel through the data mput and output lines.

The training improves reliability of data transmission.
However, additional circuits or intellectual property blocks
may be desired between the controller and the memory
device to perform the training. Accordingly, devices and/or
methods capable of reducing overhead of additional circuits
or intellectual property blocks for the traimning may be
desired while 1improving reliability of data transmission
through the training.

SUMMARY

Example embodiments of the inventive concepts provide
storage devices and/or operating methods thereof capable of
improving reliability of data transmission through training
while reducing overhead of circuits or intellectual property
blocks for the training.

According to an example embodiment, a storage device
includes a nonvolatile memory device including memory
blocks and a controller connected with the nonvolatile
memory device through data mput and output lines and a
data strobe line. The nonvolatile memory device and the
controller may be configured to perform training on the data
input and output lines by adjusting a delay of a data strobe
signal sent through the data strobe line and adjust delays of
the data input and output lines based on the training result.

According to an example embodiment, a storage device
includes a nonvolatile memory device including memory
blocks and a controller connected with the nonvolatile
memory device through data mput and output lines and a
data strobe line. The controller may include a first delay
element connected with the data strobe line, and second
delay elements connected with the data mput and output
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lines, respectively. A maximum delay of the first delay
clement may be greater than a maximum delay of each of the

second delay elements.

According to an example embodiment, an operating
method of a storage device which includes a nonvolatile
memory device and a controller includes sending, at the
controller, a first data strobe signal and first data bits to the
nonvolatile memory device while adjusting a delay of the
first data strobe signal, storing, at the nonvolatile memory
device, the first data bits received {from the controller as
second data bits 1n synchronization with the data strobe
signal, sending, at the nonvolatile memory device, a second
data strobe signal and the second data bits to the controller,
storing, at the controller, the second data bits received from
the nonvolatile memory device 1n synchronization with the
second data strobe signal, and adjusting, at the controller,
first delays to send the first data bits to the nonvolatile
memory device based on the second data bits stored at the
controller.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects and features of the inventive
concepts will become apparent by describing in detail some
example embodiments thereof with reference to the accom-
panying drawings.

FIG. 1 1s a block diagram illustrating a storage device
according to an example embodiment of the nventive
concepts.

FIG. 2 1s a block diagram illustrating a nonvolatile
memory device included in the storage device of FIG. 1
according to an example embodiment of the inventive
concepts.

FIG. 3 1s a flowchart 1llustrating an operating method of
the storage device of FIG. 1 according to an example
embodiment of the inventive concepts.

FIG. 4 15 a flowchart illustrating an example in which the
storage device performs mnput training.

FIG. 5 illustrates an example 1n which a controller sends
a training command and data bats.

FIG. 6 illustrates an example in which the nonvolatile
memory device outputs data bits 1n response to a training
command and data bits of FIG. §.

FIG. 7 1llustrates an example 1n which data bits of FIG. 6
are received by a controller.

FIG. 8 1llustrates an example of an input and output circuit
of the nonvolatile memory device.

FIG. 9 illustrates an example of an output delay circuit of
FIG. 8.

FIG. 10 illustrates an example of an output delay sweep
circuit of FIG. 8.

FIG. 11 1illustrates an example in which training 1s per-
formed according to a method of FIG. 4.

FIG. 12 illustrates an example in which the controller
calculates delays based on detected edges.

FIG. 13 1s a flowchart illustrating another example 1n
which the storage device performs input training.

FIG. 14 1s a flowchart 1llustrating an example in which the
storage device performs output training.

FIG. 15 illustrates an example in which the controller
sends data bits to a nonvolatile memory device.

FIG. 16 illustrates an example 1n which data bits of FIG.
15 are received by the nonvolatile memory device.

FIG. 17 illustrates an example of a memory interface of
the controller.

FIG. 18 illustrates an example 1n which training 1s per-
tormed according to a method of FIG. 14.
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FIG. 19 1s a block diagram 1llustrating the storage device
according to an application of the mventive concepts.

FIG. 20 1s a block diagram illustrating a storage device
according to an application of the inventive concepts.

DETAILED DESCRIPTION

Below, some example embodiments of the inventive
concepts may be described in detail and clearly to such an
extent that an ordinary one in the art easily implements the
iventive concepts.

FIG. 1 1s a block diagram 1llustrating a storage device 100
according to an example embodiment of the inventive
concepts. Referring to FIG. 1, the storage device 100
includes a nonvolatile memory device 100 and a controller
120. The nonvolatile memory device 100 may include
various memories, for example, a tlash memory, a phase-
change random access memory (PRAM), a magneto-resis-
tive RAM (MRAM), a resistive RAM (RRAM), or a ferro-

clectric RAM (FRAM).

The nonvolatile memory device 100 may include homo-
geneous memories or heterogeneous memories. The non-
volatile memory device 100 may communicate with the
controller 120 through data input and output lines DQ), first
control lines CT1, and second control lines CT2.

The data mput and output lines DQ may be connected in
common to the nonvolatile memory device 110. For
example, a signal (e.g., a data bit) that 1s received from the
controller 120 may be provided 1n common to a plurality of
the nonvolatile memory devices 110 through one of the data
input and output lines DQ.

The controller 120 may be configured to control the
nonvolatile memory device 110. The controller 120 may
allow the nonvolatile memory device 100 to perform a
program, read, and/or erase operations. Also, the controller
120 may perform training with regard to the nonvolatile
memory device 110.

The training may be performed after power 1s supplied to
the storage device 100 or after the storage device 100
switches from a power saving mode to a normal mode. The
training may be performed before the controller 120 starts to
control the nonvolatile memory device 100 normally (e.g.,
betore the controller 120 cause the nonvolatile memory
device 100 to perform a program, read, and/or erase opera-
tions).

The controller 120 may include a memory interface 121,
an put and output trainer 122, and a memory 123. The
memory interface 121 may perform communication with the
nonvolatile memory device 110. For example, the memory
interface 121 may exchange signals having levels and tim-
ings defined by the specific protocol associated with the
nonvolatile memory device 110.

The mput and output trainer 122 may perform training
with the nonvolatile memory device 100 through the
memory interface 121. The input and output trainer 122 may
store pieces of information as to which the training 1s desired
and/or pieces of iformation (e.g., delays) obtained by the
training. The mput and output tramner 122 may perform
training with regard to the nonvolatile memory device 100
by using the memory 123.

FIG. 2 1s a block diagram illustrating a nonvolatile
memory device 110q included 1n the storage device of FIG.
1 according to an example embodiment of the mmventive
concepts. Referring to FIG. 2, the nonvolatile memory
device 110q includes a memory cell array 111, a row decoder
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circuit 112, a page bufler circuit 113, an mput and output
circuit 114, a pass-fail check circuit (PFC) 115, and a control
logic circuit 116.

The memory cell array 111 includes a plurality of memory
blocks BLK1 to BLKz. Each of the memory blocks BLK1

to BLKz includes a plurality of memory cells. Each of the
memory blocks BLK1 to BLKz may be connected to the row
decoder circuit 112 through at least one ground selection line
GSL, a plurality of word lines WL, and at least one string
selection line SSL. Fach of the memory blocks BLK1 to
BLKz may be connected to the page bufler circuit 113
through a plurality of bit lines BL. The memory blocks

BLK1 to BLKz may be connected in common to the bit lines
BL.

In an example embodiment, each of the memory blocks
BLK1 to BLKz may correspond to a unit of an erase
operation. The memory cells of the memory cell array 111
may be erased for each memory block. The memory cells
belonging to one memory block may be erased at the same
time. As another example, each of the memory blocks BLK1
to BLKz may be divided into a plurality of sub-blocks. Each
sub-block may correspond to a unit of an erase operation.

The row decoder circuit 112 may be connected to the
memory cell array 111 through a plurality of ground selec-
tion lines GSL, the plurality of word lines WL, and a
plurality of string selection lines SSL. The row decoder
circuit 112 may operate under control of the control logic
circuit 116. The row decoder circuit 112 may receive a row
address RA from the mput and output circuit 114. The row
decoder circuit 112 may decode the received row address,
and may control voltages to be applied to the string selection
lines SSL, the word lines WL, and the ground selection lines
GSL, respectively, based on the decoded address.

The page bufler circuit 113 may be connected to the
memory cell array 111 through the bit lines BL. The page
bufler circuit 113 may be connected with the mput and
output circuit 114 through a plurality of data lines DL. The
page bufler circuit 113 may operate under control of the
control logic circuit 116.

In a write operation, the page bufler circuit 113 may store
data bits to be programmed in the memory cells. The page
bufler circuit 113 may apply voltages to the bit lines BL
based on the stored data bits. For example, the page bufler
circuit 113 may function as a write driver. In a read operation
or a verification read operation, the page bufler circuit 113
may sense voltages of the bit lines BL, and may store the
sensed result. For example, the page bufler circuit 113 may
function as a sense amplifier.

The mmput and output circuit 114 may be connected with
the page buller circuit 113 through the data lines DL. The
input and output circuit 114 may be connected to the
controller 120 through data mput and output lines DQ (e.g.,
DQ1 to DQ8). The mput and output circuit 114 may output
data bits read by the page builer circuit 113 to the controller
120 of the storage device 100 of FIG. 1 through the data
input and output lines DQ1 to DQ8, and may send data bits
received from the controller 120 to the page bufler circuit
113 through the data input and output lines DQ1 to DQS.

The 1nput and output circuit 114 may receive an address
through the data mput and output lines DQ1 to DQ8. The
input and output circuit 114 may send a row address RA of
the received address to the row decoder circuit 112. On the
basis of a column address of the received address, the input
and output circuit 114 may store data bits in the page buller
circuit 113 or may read data bits stored in the page buller
circuit 113.
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The input and output circuit 114 may receive a command
CMD through the data input and output lines DQ1 to DQS.

The mput and output circuit 114 may send the received
command CMD to the control logic circuit 116. The 1nput
and output circuit 114 may output a data strobe signal DQS
to the controller 120. The mput and output circuit 114 may
output data bits through the data imnput and output lines DQ1
to DQ8 1n synchronization with the data strobe signal DQS.

Below, for a brief description, signals that are recerved
(input) or sent (output) through the data mput and output
lines DQ1 to DQ8 are referred to as data input and output
signals, and are cited by using the same reference marks as
the data mnput and output lines DQ1 to DQ8. The data input
and output signals DQ1 to DQS8 are signals sent through the
data mput and output lines DQ1 to D8, respectively, and

use the same reference marks as the data iput and output
lines DQ1 to DQS.

The 1nput and output circuit 114 may output a ready/busy
signal R/B to the controller 120. For example, when the
input and output circuit 114 1s ready to receive a command,
an address, or data bits from the controller 120, the input and
output circuit 114 may output the ready/busy signal R/B
indicating a ready state. When the mput and output circuit
114 cannot recelve a command, an address, or data bits from
the controller 120, the mput and output circuit 114 may
output the ready/busy signal R/B indicating a busy state.

After the verification read operation, the pass-fail check
circuit 115 may recerve a sensing result from the page buller
circuit 113. The pass-fail check circuit 115 may determine
pass or fail of the write or erase operation based on the
received sensing result. The pass or fail determination result
may be provided to the control logic circuit 116.

The control logic circuit 116 may receive the data strobe
signal DQS, an address latch enable signal ALE, a command
latch enable signal CLE, a write enable signal/ WE, a read
ecnable signal/RE, and a chip enable signal/CE from the
controller 120.

For example, the data strobe signal DQS sent to the
control logic circuit 116 from the controller 120 and the data
strobe signal DQS that the input and output circuit 114 sends
to the controller 120 may be bidirectional signals sent
through the same control line. In a data read (e.g., output)
operation, the data strobe signal DQS may be controlled by
the nonvolatile memory device 110. In a data write (e.g.,
input) operation, the data strobe signal DQS may be con-
trolled by the controller 120.

When the controller 120 sends data bits to the nonvolatile
memory device 110a through the data input and output lines
DQ1 to DQ8, the controller 120 may send the data strobe
signal DQS. The control logic circuit 116 may allow the
input and output circuit 114 to store (or latch) signals of the
data mput and output lines DQ1 to D8 at an appropriate
timing 1n synchromization with the data strobe signal DQS.

When the nonvolatile memory device 110a sends data bits
to the controller 120 through the data input and output lines
DQ1 to D@8, the mput and output circuit 114 may send the
data strobe signal DQS. The controller 120 may store (or
latch) signals of the data mnput and output lines DQ1 to DQ8
at an appropriate timing in synchronization with the data
strobe signal DQS.

The address latch enable signal ALE indicates that data
bits mput through the data mput and output lines DQ1 to
DQS are an address. I the address latch enable signal ALE
1s activated, the control logic circuit 116 may process the
data bits mput through the data mnput and output lines DQ1
to DQS8 as the address. For example, the control logic circuit

10

15

20

25

30

35

40

45

50

55

60

65

6

116 may control the mput and output circuit 114 such that
the row address RA 1s sent to the row decoder circuit 112.

The command latch enable signal CLE indicates that data
bits input through the data mput and output lines DQI1 to
DQ8 are a command CMD. If the command latch enable
signal CLE 1s activated, the control logic circuit 116 may
process the data bits input through the data input and output
lines DQ1 to DQ8 as the command CMD. For example, the
control logic circuit 116 may {fetch the command CMD
stored 1n the mput and output circuit 114, and execute the
fetched command.

When the command CMD or an address 1s received
through the data mput and output lines DQ1 to D@8, the
write enable signal/WE may indicate a timing to store (or
latch) data bits of the data mput and output lines DQ1 to

DQ8. The read enable signal/RE may be used for the
controller 120 to provide any clock to the nonvolatile
memory device 110aq 1n a read (or output) operation.

For example, 1n the read operation, the controller 120 may
toggle the read enable signal/RE between a high level and a
low level, for example, periodically. The control logic circuit
116 may send the read enable signal/RE to the input and
output circuit 114. The mput and output circuit 114 may
delay the read enable signal/RE to generate the data strobe
signal DQS. The mput and output circuit 114 may send data
bits through the data imnput and output lines DQ1 to DQS8 in
synchronization with the data strobe signal DQS.

The chip enable signal/CE may activate the nonvolatile
memory device 110. The ready/busy signal R/B may be used
to indicate whether the nonvolatile memory device 110a 1s
in a ready state or 1n a busy state. The chip enable signal/CE
and the ready/busy signal R/B may be sent through the
second control lines CT2.

The data strobe signal DQS, the address latch enable
signal ALE, the command latch enable signal CLE, the write
enable signal/WE, and the read enable signal/RE may be
conveyed through the first control lines CT1. A difference
between the first control lines CT1 and the second control
lines CT2 will be more fully described with reference to
FIG. 19.

The control logic circuit 116 may include an output trainer
117. The output trainer 117 may perform training on data bits
that the mnput and output circuit 114 outputs through the data
iput and output lines DQ1 to DQ8 in the read operation.
The traiming will be more fully described later with refer-
ence to some accompanying drawings.

FIG. 3 1s a flowchart 1llustrating an operating method of
the storage device 100 of FIG. 1 according to an example
embodiment of the inventive concepts. Referring to FIGS. 1
to 3, 1 operation S110, whether the storage device 100 1s
powered on or not may be detected. In some example
embodiments, whether the controller 120 1s powered on or
not may be detected. As another example, the controller 120
may detect the event that the storage device 100 switches
from a power saving mode to a normal mode and power 1s
supplied.

In operation S120, the storage device 100 may perform
training on the data mnput and output lines DQ while varying
a delay of the data strobe signal DQS. For example the
storage device 100 may perform training by varying the
delay of the data strobe signal DQS and sending data bits
through the data input and output lines DQ).

In operation S130, the storage device 100 may adjust
respective delays of the data input and output lines DQ based
on the traiming result. For example, the storage device 100
may adjust the delays of the data input and output lines DQ
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such that centers of data bits sent through the data input and
output lines DQ are aligned at a specific timing of the data
strobe signal DQS.

For example, the training may include an output training,
operation (or a read training operation) and an input training 5
operation (a write training operation). The output (or read)
training operation may be performed to detect and adjust
delays (or transmission timings) when the nonvolatile
memory device 110a sends the data strobe signal DQS to the
controller 120 and sends data bits to the controller 120 10
through the data input and output lines DQ).

The input (or write) training operation may be performed
to detect and adjust delays (or transmission timings) when
the controller 120 sends the data strobe signal DQS to the
nonvolatile memory device 110a and sends data bits to the 15
nonvolatile memory device 110a through the data input and
output lines DQ.

FI1G. 4 1s a flowchart 1llustrating an example 1n which the
storage device 100 performs 1nput training (or write train-
ing). Referring to FIGS. 1, 2, and 4, 1n operation S210, the 20
controller 120 may send a training command CMD_T and
data bits DB to the nonvolatile memory device 110. The data
bits DB may be bits, for example, prepared 1n advance for
training, and may be read from the memory 123. The data
bits DB may be sent 1n the form of a command. 25

In operation S220, the nonvolatile memory device 110a
may send the data strobe signal DQS to the controller 120 1n
response to the training command CMD_T and the data bits
DB, and may send the data bits DB to the controller 120
through the data input and output lines DQ). 30

In operation S230, the nonvolatile memory device 110a
may determine whether a delay 1s completely varied. For
example, when the delay of the data strobe signal DQS 1s
varied as much as the given number of times in units of a
unit delay or when the delay of the data strobe signal DQS 35
1s varied as much as a given delay, 1t 1s determined that the
delay 1s completely varied.

I 1t 1s determined that the delay 1s not completely varied,
in operation S240, the nonvolatile memory device 110a may
adjust the delay of the data strobe signal DQS 1n units of the 40
unit delay, and the procedure proceeds to operation S220. IT
it 1s determined that the delay i1s completely varied, in
operation S2350, the nonvolatile memory device 110a may
notify the controller 120 that the delay 1s completely varied.

For example, the nonvolatile memory device 110a may 45
notily the controller 120 that the delay 1s completely varied,
by adjusting a level of the ready/busy signal R/B. In an
example embodiment, operation S250 may be selectively
performed. In this case, the controller 120 may be config-
ured to recerve the data bits DB and the data strobe signal 50
DQS from the nonvolatile memory device 110aq as much as
the given number of times.

The controller 120 may repeatedly receive the data strobe
signal DQS, the delay of which 1s varied, and the data bits
DB from the nonvolatile memory device 110q until the delay 55
1s completely varied. The controller 120 may detect edges of
the data bits DB based on the data strobe signal DQS and the
data bits DB.

In operation S260, the controller 120 may detect the
centers of the data bits DB from the edges of the data bits 60
DB. In operation S270, the controller 120 may calculate
delays (e.g., output delays or read delays) of the data input
and output lines DQ).

In operation S280, the controller 120 may send the
calculated delays of the mput and output lines (e.g., trans- 65
mission timings of the data bits DB) to the nonvolatile
memory device 110a. In operation S290, the nonvolatile
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memory device 110a may adjust the delays of the data input
and output lines DQ based on the delays received from the
controller 120.

FIG. § illustrates an example 1n which the controller 120
sends the traimning command CMD_T and the data bits DB.
Referring to FIGS. 1, 2, and 5, the training command
CMD_T and the data bits DB may be sent through the data
input and output lines DQ1 to DQ8 in synchronization with
the write enable signal/WE. The command latch enable
signal CLE may maintain a high level while the training
command CMD T and the data bits DB are transmitted.

The training command CMD_T may be sent in synchro-
nization with a first rising edge R1 of the write enable
signal/ WE. The training command CMD_T may include
command bits CMD_T_1 to CMD_T_8 corresponding to
the data input and output lines DQ1 to DQ8, respectively.
The tramning command CMD_T may be sent once 1n syn-
chronization with a rising edge of the write enable signal/
WE or may be sent as much as the given number of times
in synchronization with rising edges of the write enable

[

signal/ WE.

The data bits DB may include first to fourth data bits DB1
to DB4 that are sent 1n synchronization with second to fourth
rising edges R2 to R4 of the write enable signal/WE,
respectively. The first data bits DB1 may include first bits
DB1_1 to DB1_8 sent through the data mput and output
lines DQ1 to DQ8, respectively. Likewise, the second data
bits DB2, the third data bits DB3, and the fourth data bits
DB4 may include second bits DB2_1 to DB2_8, third bits
DB3_1 to DB3_8, and fourth bits DB4_1 to DB4_8, respec-
tively.

The data bits DB are described 1n FIG. 5 as being sent 1n
synchronization with four rising edges R2 to RS of the write
enable signal/ WE, respectively. However, timings when the
data bits DB are sent are not limited to four rising edges of
the write enable signal/WE. The data bits DB may be sent
less or more than four times.

FIG. 6 1illustrates an example in which the nonvolatile
memory device 110a outputs data bits 1n response to the
training command CMD_T and the data bits DB of FIG. 5.
Referring to FIGS. 1, 2, and 6, the controller 120 may toggle
the read enable signal/RE to a high level and a low level, for
example, periodically. In response to the read enable signal/
RE, the mput and output circuit 114 may toggle the data
strobe signal DQS to a high level and a low level periodi-
cally.

The mput and output circuit 114 may output the data bits
DB 1n synchronization with the data strobe signal DQS. The
input and output circuit 114 may output the data bits DB 1n
synchronization with each of rising edges and falling edges
of the data strobe signal DQS. The data bits DB may be
aligned with the data strobe signal DQS, and thus, the data
bits DB and the data strobe signal DQS may be mutually
aligned.

FIG. 7 illustrates an example in which the data bits DB of
FIG. 6 are received by the controller 120. In an example
embodiment, timings of the data bits DB received by the
controller 120 may be different from timings (refer to FIG.
6) of the data bits DB that the nonvolatile memory device
110a sends, due to various environmental factors (e.g.,
parasitic resistance, parasitic capacitance, parasitic induc-
tance, temperature, and/or humidity).

Referring to FIGS. 1, 2, and 7, the mput and output circuit
114 may generate the data strobe signal DQS from the read
ecnable signal/RE. The mput and output circuit 114 may
output the data bits DB 1n synchronization with the data

strobe signal DQS.
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Timings of bits DB1_1 to DB4_1 sent through a first data
input and output line DQ1 may be precede timings of edges
of the data strobe signal DQS, respectively. Timings of bits
DB1_2 to DB4_2 sent through a second data input and
output line DQ2 may be precede timings of the edges of the
data strobe signal DQS, respectively. Timings of bits DB1_3
to DB4_3 sent through a third data mput and output line
DQ3 may be precede timings of the edges of the data strobe
signal DQS, respectively.

Timings of bits DB1_4 to DB4_4 sent through a fourth
data mput and output line DQ4 may be matched with or
aligned to timings of the edges of the data strobe signal
DQS, respectively. Timings of bits DB1_35 to DB4_35 sent
through a fifth data mput and output line DQ3S may have
delays with respect to timings of the edges of the data strobe

signal DQS, respectively. Timings of bits DB1_6 to DB4_6
sent through a sixth data input and output line DQ6 may be
precede timings of the edges of the data strobe signal DQS,

respectively.

Timings of bits DB1_7 to DB4_7 sent through a seventh
data input and output line DQ7 may have delays with respect
to timings of the edges of the data strobe signal DQS,
respectively. Timings of bits DB1_8 to DB4_8 sent through
an eighth data mput and output line DQ8 may have delays
with respect to timings of the edges of the data strobe signal
DQS, respectively. Thus, timings of data bits sent through
the data input and output lines DQ1 to DQ8 may not be
aligned or matched with each other.

To compensate for differences between timings illustrated
in FIGS. 6 and 7, the nonvolatile memory device 110a may
adjust timings to send the data bits DB. For example, the
nonvolatile memory device 110a may perform training with
the controller 120 to detect appropriate transmission timings
(or delays), and adjust transmission timings (or delays)
based on the detection result.

FIG. 8 illustrates an example of the mput and output
circuit 114 of the nonvolatile memory device 110a. Refer-
ring to FIGS. 2 and 8, the mput and output circuit 114
includes data input and output pads DQP1 to DQPS8, a data
strobe pad DQSP, output delay circuits 114_1 to 114_8, an
output delay sweep circuit 114_9, a buffer 114_10, and a
delay locked loop 114_11.

The data mnput and output pads DQP1 to DQP8 may send
the data input and output signals DQ1 to DQ8. To briefly
convey the technical concepts of the inventive concepts, 1t 1s
assumed that the data mput and output pads DQP1 to DQP8
output the data mput and output signals DQ1 to DQS,
respectively, to the controller 120.

The data mput and output pads DQP1 to DQP8 also can
receive the data mput and output signals DQ1 to D@8,
respectively, from the controller 120, and components for
processing the received data input and output signals DQ1 to
DQ8 can be provided m the mput and output circuit 114.

The data strobe pad DQSP may send the data strobe signal
DQS. To briefly convey the technical concepts of the inven-
tive concepts, 1t 1s assumed that the data strobe pad DQSP
outputs the data strobe signal DQS to the controller 120. The
data strobe pad DQSP also can recerve the data strobe signal
DQS from the controller 120, and components for process-
ing the recerved data strobe signal DQS can be provided 1n
the mput and output circuit 114.

The output delay circuits 114_1 to 114_8 are connected to
the data input and output pads DQP1 to DQPS8, respectively.
The output delay circuits 114_1 to 114_8 may send data bits
from the bufler 114_10 to the data mput and output pads
DQP1 to DQP8, respectively. The output delay circuits
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114_1 to 114_8 may receive output delay control signals
ODC1 to ODCS8 from the control logic circuit 116, respec-
tively.

The output delay circuits 114_1 to 114_8 may individu-
ally control timings (or delays) to output data bits 1n
response to the output delay control signals ODC1 to ODCS.
For example, the first output delay circuit 114_1 may adjust
a timing (or delay) to send a data bit from the builer 114_10
in response to the first output delay control signal ODCI1.

The output delay sweep circuit 1149 may adjust a delay
of the data strobe signal DQS output from the delay locked
loop 114_11 m response to a delay sweep signal DSC. In
some example embodiments, the output delay sweep circuit
114_9 may continuously adjust a delay 1n a training opera-
tion by adjusting delays of the output delay circuits 114_1 to
114_8 once based on a training result.

After the training operation 1s completed, the output delay
circuits 114_1 to 114_8 may maintain the adjusted delay.
The output delay sweep circuit 114_9 may have a fixed
delay. For example, the fixed delay may be an initial delay
or a delay calculated by the training operation.

A maximum delay of the output delay sweep circuit 114_9
may be greater than a maximum one of the delays of the
output delay circuits 114_1 to 114_8. For example, the
output delay sweep circuit 114_9 may have the maximum
delay that 1s greater than one or more periods of the data
strobe signal DQS. Each of the output delay circuits 114_1
to 114_8 may have the maximum delay that 1s smaller than
one period of the data strobe signal DQS.

The bufler 114_10 may send data bits to the output delay
circuits 114_1 to 114_8. For example, 1n the training opera-
tion, the data bits DB sent from the control logic circuit 116
may be provided to the output delay circuits 114_1 to 114_8,
respectively, after being stored 1n the buffer 114_10. In the
normal operation in which training i1s not made, data
“DATA” sent from the page bufller circuit 113 may be
provided to the output delay circuits 114_1 to 114_8 after
being stored 1n the bufler 114_10.

In a read operation or a training operation, the delay
locked loop 114_11 may receive the read enable signal/RE
from the control logic circuit 116. The delay locked loop
114_11 may delay the read enable signal/RE to generate the
data strobe signal DQS. The data strobe signal DQS may be
sent to the controller 120 through the output delay sweep
circuit 114_9 and the data strobe pad DQSP.

FIG. 9 illustrates an example of the output delay circuit
114_1 of FIG. 8. Referring to FIGS. 1, 2, 8, and 9, the output
delay circuit 114_1 includes delay elements “D” and a
multiplexer MUX. The delay elements “DD” may be sequen-
tially connected to each other. An output of the bufler
114_10 may be connected to the delay elements “D”.

The multiplexer MUX may receive a data bit output from
the builer 114_10 and data bits (e.g., data bits having
different delays) generated by variously delaying the data bit
using the delay elements “D”. The multiplexer MUX may
send one of the data bit output from the butier 114_10 and
the data bits generated by the delay elements “D” to the data
input and output pad DQP1 1n response to the output delay
control signal ODCI1.

That 1s, the control logic circuit 116 or the output trainer
117 may adjust a timing (e.g., a delay) when the output delay
circuit 114_1 outputs a data bit by selecting one from among
the data bit output from the bufler 114_10 and data bits
generated by variously delaying the data bit in response to
the output delay control signal ODC1. Although only the
output delay circuit 114_1 1s illustrated in FIG. 9, the
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remaining output delay circuits 114_2 to 114_8 may also
have the same structure as illustrated 1n FIG. 9.

That 1s, the control logic circuit 116 or the output trainer
117 may adjust timings (e.g., delays) when the output delay
circuits 114_1 to 114_8 output data bits by individually
adjusting the output delay control signals ODC1 to ODCS.

FIG. 10 illustrates an example of the output delay sweep
circuit 114_9 of FIG. 8. Referring to FIGS. 1, 2, 8, and 10,
the output delay sweep circuit 114_9 includes delay ele-
ments “D” and a multiplexer MUX. The delay elements “D”
may be sequentially connected to each other. An output of
the delay locked loop 114_11 may be connected to the delay
clements “D”. The multiplexer MUX may select one of
outputs of the delay elements “ID”” and the output of the delay
locked loop 114_11 1n response to a delay sweep signal
DSC.

Compared with the output delay circuit 114_1 of FIG. 9,
the number of delay elements “D” of the output delay sweep
circuit 114_9 may be more than the number of delay
clements “D” of the output delay circuit 114_1. To enable
detection of edges of the data bits DB, the output delay
sweep circuit 114_9 may vary a delay of the data strobe
signal DQS 1n units of a unit delay, for example, may delay
the delay as much as one period of the data strobe signal
DQS.

In some example embodiments, the output delay circuits
114 1 to 114_8 may adjust delays as much as delays
deduced from the training result. The delays deduced from
the training result may be smaller than one period of the data
strobe signal DQS, for example, may be smaller than half the
period of the data strobe signal DQS. Accordingly, the delay
of each of the output delay circuits 114_1 to 114_8 may be
smaller than the delay of the output delay sweep circuit
114_9.

The storage device 100 according to an example embodi-
ment of the iventive concepts performs training while
sweeping the data strobe signal DQS. Accordingly, the size
and complexity of the output delay sweep circuit 114_9 may
be greater than the size and complexity of each of the output
delay circuits 114_1 to 114_8. If the data bits DB (not the
data strobe signal DQS) are swept, the size and complexity
of each of the output delay circuits 114_1 to 114_8 may be
greater than the size and complexity of the output delay
sweep circuit 114_9.

If the data strobe signal DQS 1s swept according to an
example embodiment of the mventive concepts, only the
output delay sweep circuit 1149 associated with the data
strobe signal DQS 1s desired to have a larger size and
increased complexity. Accordingly, 1f the data strobe signal
DQS 1s swept according to an example embodiment of the
iventive concepts, the icrease in the size and complexity
of components of the storage device 100 may be suppressed
while 1increasing reliability of data transmission of the
storage device 100 through the training operation.

FIG. 11 1llustrates an example i which traming 1s per-
formed according to the method of FIG. 4. In an example
embodiment, an example 1 which a first bit DB1_1 1s
received with different delays through a first data input and
output line DQ1 from the controller 120 1s illustrated in FIG.
11. In FIG. 11, 1t 1s assumed that a delay of the data strobe
signal DQS 1increases from a first delay DLY1 to a ninth
delay DLY9 toward the bottom.

Referring to FIGS. 1, 2, 4, and 11, when the data strobe
signal DQS with the first delay DLY1 is transmitted, the bit
DB1_1 received by the controller 120 may not be synchro-
nized with the data strobe signal DQS (e.g., the center of the
data strobe signal DQS). Accordingly, an invalid value 1s
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received by the controller 120 through the first data input
and output line DQ1, and the fail “F” 1s determined.

When the data strobe signal DQS with the second delay
DLY?2 1s transmitted, the bit DB1_1 received by the con-
troller 120 may not be synchronized with the data strobe
signal DQS. Accordingly, the fail “F” 1s determined. When
the data strobe signal DQS with the third delay DLY3 1s
transmitted, the bit DB1_1 received by the controller 120
may be synchronized with the data strobe signal DQS.
Accordingly, the pass “P” 1s determined.

When the data strobe signal DQS with the delay DLY1 (1
being one 4 to 8) 1s transmitted, the bit DB1_1 received by
the controller 120 may be synchronized with the data strobe
signal DQS. Accordingly, the passes “P” are determined.
When the data strobe signal DQS with the ninth delay DLY9
1s transmitted, the bit DB1_1 received by the controller 120
may not be synchronized with the data strobe signal DQS.
Accordingly, the fail “F” 1s determined.

As 1llustrated 1n FIG. 11, when a first pass 1s determined
with respect to the data strobe signal DQS having the third
delay DLY3, a first boundary (e.g., a start boundary) of the
bit DB1_1 1s detected. The controller 120 may store the
second delay DLY 2 or the third delay DLY 3 1n relation to the
first boundary of the bit DB1_1.

When a first fail 1s determined with respect to the data
strobe signal DQS having the ninth delay DLY9 after the
first pass, a second boundary (e.g., an end boundary) of the
bit DB1_1 1s detected. The controller 120 may store the
eighth delay DLY 8 or the ninth delay DLY9 1n relation to the
second boundary of the bit DB1_1.

The training operation described with reference to FI1G. 11
may be equally performed with respect to the remaining data
mput and output lines DQ2 to DQS8. For example, the
training operation may be performed on the data input and
output lines DQ1 to DQ8 independently of each other, 1n
parallel, or individually (e.g., simultaneously). The control-
ler 120 may detect edges of the data bits DB through the
training operation.

An example in which training 1s performed while sequen-
tially increasing a delay of the data strobe signal DQS 1s
illustrated in FIG. 11. However, the technical concepts of the
inventive concepts may be changed or applied such that
training 1s performed while sequentially decreasing a delay
of the data strobe signal DQS.

FIG. 12 1llustrates an example 1n which the controller 120
calculates delays based on detected edges (operation S260
and operation S270). Referning to FIGS. 1, 2, and 12, the
controller 120 may detect centers C1 to C8 of the first data
bits DB1 based on first edges LE and second edges RE of the
first data bits DBI1.

The controller 120 may select a center having the greatest
delay among the detected centers. For example, the center
C8 of the bit DB1_8 recerved through the eighth data input
and output line DQ8 1s delayed the greatest. Accordingly, the
center C8 (e.g., a delay of the center C8) of the eighth data
input and output line DQ8 may be selected.

The controller 120 may calculate delays of the remaining,
centers C1 to C7 so as to be aligned with the delay of the
selected center C8, for example, so as to be the same as the
delay of the selected center C8 or so as to be substantially
similar to the delay of the selected center C8 within a margin
of an error. For example, the delays may be calculated 1n
units of a unit delay of the output delay circuits 114_1 to
114_8.

For example, the centers of the first to seventh data input
and output lines DQ1 to D(Q7 are prior to the selected center
C8. Accordingly, the calculated result may indicate an




US 11,069,388 B2

13

increase in the delays of the centers C1 to C7. The controller
120 may provide the calculated delays to the nonvolatile
memory device 110.

The nonvolatile memory device 110a may adjust the
delays of the output delay circuits 114_1 to 114_8 based on
the delays from the controller 120, respectively. It the delays
of the output delay circuits 114_1 to 114_8 are adjusted, the
centers C1 to C8 of the first data bits DB1 are aligned with
the selected center C8.

In an example embodiment, as the centers C1 to C8 are

[ 1

aligned instead of the first edges LE or the second edges RE
of the first data bits DB1, the margin for identifying data bits
sent through the data input and output lines DQ1 to DQ8 at
the controller 120 may be further improved. For example,

the controller 120 may be configured to identify the first data
bits DB1 1n synchronization with a rising edge and a falling
edge of the data strobe signal DQS, 1dentily respective first
edges and respective second edges of the first data bits DB,
identily respective centers between the respective first edges
and the respective second edges of the first data bits DB,
calculate respective delays of the first data bits DB1 and
send the calculated respective delays to the nonvolatile
device 110q to adjust the respective delay of the first data
bits DBI.

FIG. 13 1s a flowchart illustrating another example in
which the storage device 100 perform input training (or
write training). Referring to FIGS. 1, 2, and 13, 1n operation
5310, the controller 120 may send the training command
CMD_T and the data bits DB to the nonvolatile memory
device 110. The data bits DB may be bits, for example,
prepared 1n advance, for training and may be read from the
memory 123. The data bits DB may be sent 1 the form of
a command.

In operation S320, the nonvolatile memory device 110a
may send the data strobe signal DQS to the controller 120 in
response to the training command CMD_T and the data bits
DB, and send the data bits DB to the controller 120 through
the data mput and output lines DQ).

The controller 120 may determine whether edges of the
data bits DB are detected. If edges of the data bits DB are
not detected, the controller 120 may re-send the training
command CMD T and the data bits DB to the nonvolatile
memory device 110a in operation S310.

For example, the controller 120 may send a message for
requesting the nonvolatile memory device 110a to adjust a
delay of the data strobe signal DQS to the nonvolatile
memory device 110aq along with the traimng command
CMD_T. As another example, 1in the training operation, the
nonvolatile memory device 110a may be configured to
adjust the delay of the data strobe signal DQS whenever the
training command CMD_T 1s received.

If the edges of the data bits DB are detected, 1n operation
5340, the controller 120 may detect the centers of the data
bits DB from the edges of the data bits DB. In operation
5350, the controller 120 may calculate delays (e.g., output
delays or read delays) of the data input and output lines DQ).

In operation S360, the controller 120 may send the
calculated delays of the data input and output lines DQ (e.g.,
transmission timings of the data bits DB) to the nonvolatile
memory device 110. In operation S370, the nonvolatile
memory device 110a may adjust the delays of the data input
and output lines DQ based on the delays received from the
controller 120.

FI1G. 14 1s a flowchart illustrating an example in which the
storage device 100 perform output traiming (or read train-
ing). Referring to FIGS. 1, 2, and 14, in operation S410, the
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controller 120 may send the data bits DB to the nonvolatile
memory device 110q along with the data strobe signal DQS.

For example, the controller 120 may send the data bits DB
to the nonvolatile memory device 110a along with a write
command. The nonvolatile memory device 110a may write
the data bits DB 1n the memory cell array 111 or may store
the data bits DB 1n the mnput and output circuit 114.

In operation S420, the nonvolatile memory device 110a
may send data bits DB to the controller 120 along with the
data strobe signal DQS. For example, the controller 120 may
send a read command to the nonvolatile memory device 110.
The nonvolatile memory device 110a may send the data bits
DB to the controller 120 1n response to the read command.

In operation S430, the controller 120 may determine
whether edges of the data bits DB are detected. If the edges
ol the data bits DB are not detected, 1n operation S440, the
controller 120 may adjust the delay of the data strobe signal
DQS. Afterwards, the controller 120 may re-send the data
bits DB and the adjusted data strobe signal DQS 1n operation
S410.

I1 the edges of the data bits DB are detected, in operation
S450, the controller 120 may detect the centers of the data
bits DB. In operation S460, the controller 120 may adjust
delays of the data mput and output lines DQ to align the
centers of the data bits DB.

FIG. 15 shows an example in which the controller 120
sends the data bits DB to the nonvolatile memory device
110. Referning to FIGS. 1, 2, and 15, the data bits DB may
be sent through the data input and output lines DQ1 to DQ8
in synchronization with the data strobe signal DQS. The data
strobe signal DQS may be toggled by the controller 120.

The data bits DB may be sent in synchromization with
rising and falling edges E1 to E4 of the data strobe signal
DQS. The data bits DB may include the first to fourth data
bits DB1 to DB4 that are sent 1n synchronization with the
first to fourth edges E1 to E4 of the data strobe signal DQS.

The first data bits DB1 may include the first bits DB1_1
to DB1_8 sent through the data mput and output lines DQ1
to D8, respectively. Likewise, the second data bits DB2,
the third data bits DB3, and the fourth data bits DB4 may
include second bits DB2 1 to DB2_ 8, third bits DB3 1 to
DB3_8, and fourth bits DB4_1 to DB4_8, respectively.

FIG. 16 1llustrates an example in which the data bits DB
of FIG. 15 are received by the nonvolatile memory device
110. In an example embodiment, timings of the data bits DB
received by the nonvolatile memory device 110a may be
different from timings (refer to FIG. 15) of the data bits DB
that the controller 120 sends, due to various environmental
factors (e.g., parasitic resistance, parasitic capacitance, para-
sitic inductance, temperature, and/or humidity).

Referring to FIGS. 1, 2, and 16, the mput and output
circuit 114 may store (or latch) the data bits DB 1n synchro-
nization with the first to fourth edges E1 to E4 of the data
strobe signal DQS. Timings (e.g., timings of centers) of bits
DB1_1 to DB4_1 sent through the first data input and output
line DQ1 may precede timings of edges of the data strobe
signal DQS, respectively.

Timings of bits DB1_2 to DB4_2 sent through the second
data input and output line DQ2 may precede timings of the
edges of the data strobe signal DQS, respectively. Timings
of bits DB1_3 to DB4_3 sent through the third data mput
and output line DQ3 may be aligned or matched with respect
to timings of the edges of the data strobe signal DQS,
respectively.

Timings of bits DB1_4 to DB4_4 sent through the fourth
data input and output line DQ4 may precede timings of the
edges of the data strobe signal DQS, respectively. Timings
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of bits DB1_5 to DB4_S3 sent through the fifth data input and
output line DQS may have delays with respect to timings of
the edges of the data strobe signal DQS, respectively.
Timings of bits DB1_6 to DB4_6 sent through the sixth data
input and output line DQ6 may be aligned or matched with
respect to timings of the edges of the data strobe signal DQS,
respectively.

Timings of bits DB1_7 to DB4_7 sent through the seventh
data input and output line DQ7 may precede timings of the
edges of the data strobe signal DQS, respectively. Timings
of bits DB1_8 to DB4_8 sent through the eighth data input
and output line DQ8 may be aligned or matched with respect
to timings of the edges of the data strobe signal DQS,
respectively. Timings of data bits sent through the data input
and output lines DQ1 to DQ8 may not be matched with each
other, respectively.

To compensate for differences between timings illustrated
in FIGS. 15 and 16, the controller 120 may adjust timings to
send the data bits DB. For example, the controller 120 may
perform traiming with the nonvolatile memory device 110a
to detect appropriate transmission timings (or delays) and
adjust transmission timings (or delays) based on the detec-
tion result.

FIG. 17 illustrates an example of the memory interface
121 of the controller 120. Referring to FIGS. 1 and 17, the
memory interface 121 includes data input and output pads
DQP1 to DQP8, a data strobe pad DQSP, input delay circuits
121_1 to 121_8, a data strobe signal (DQS) generator 121_9,
and an input delay sweep circuit 121_10.

The data input and output pads DQP1 to DQP8 may send
the data input and output signals DQ1 to DQ8. To briefly
convey the technical concepts of the inventive concepts, the
data mput and output pads DQP1 to DQP8 1s assumed to
input the data mput and output signals DQ1 to DQS,
respectively, to the nonvolatile memory device 110.

The data mput and output pads DQP1 to DQP8 also may
receive the data mput and output signals DQ1 to D@8,
respectively, from the nonvolatile memory device 110aq and
components for processing the received data mput and
output signals DQ1 to DQ8 may be provided in the memory
interface 121.

The data strobe pad DQSP may send the data strobe signal
DQS. To briefly convey the technical concepts of the inven-
tive concepts, the data strobe pad DQSP may be assumed to
input the data strobe signal DQS to the nonvolatile memory
device 110.

The data strobe pad DQSP also may receive the data
strobe signal DQS from the nonvolatile memory device
110a, and components for processing the received data
strobe signal DQS may be provided in the memory interface
121.

The mput delay circuits 121_1 to 121_8 are connected to
the data input and output pads DQP1 to DQPS8, respectively.
The mput delay circuits 121_1 to 121_8 may send data bits
provided through the mput and output trainer 122 from the
memory 123 to the data input and output pads DQP1 to
DQP8, respectively. The mput delay circuits 121_1 to 121_8
may recerve mput delay control signals IDC1 to IDCS8 from
the 1put and output trainer 122, respectively.

The mput delay circuits 121_1 to 121_8 may individually
control timings (or delays) to mput data bits 1n response to
the mput delay control signals IDC1 to IDCS8. For example,
the first mput delay circuit 121_1 may adjust a timing
(delay) to send a data bit from the mput and output trainer
122 in response to the first input delay control signal IDCI.
In an example embodiment, the input delay circuits 121_1 to
121_8 may have the same structure as illustrated in FIG. 9.
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The data strobe signal generator 121_9 may receive a
clock CLK. The clock CLK may be generated within the
controller 120 or may be supplied from an external device to
the controller 120. The data strobe signal generator 121_9
may generate the data strobe signal DQS by using the clock
CLK.

The mput delay sweep circuit 121_10 may adjust a delay
of the data strobe signal DQS output from the data strobe
signal generator 121_9 1n response to a delay sweep signal
DS. In some example embodiments, the mput delay sweep
circuit 121_10 may continuously adjust a delay in a training
operation, by adjusting delays of the mput delay circuits
121_1 to 121_8 once based on a training result.

After the tramning operation is completed, the mput delay
circuits 121_1 to 121_8 may maintain the adjusted delay.
The input delay sweep circuit 121_10 may have a fixed
delay. For example, the fixed delay may be an initial delay
or a delay calculated by the training operation.

A maximum delay of the mput delay sweep circuit
121_10 may be greater than a maximum one of the delays
of the mput delay circuits 121_1 to 121_8. For example, the
mput delay sweep circuit 121_10 may have the maximum
delay that 1s greater than one or more periods of the data
strobe signal DQS. Each of the input delay circuits 121_1 to
121_8 may have the maximum delay that 1s smaller than one
period of the data strobe signal DQS.

For example, the input delay circuits 121_1 to 121_8 may
have the same structure as illustrated in FIG. 9. The input
delay sweep circuit 121_10 may have the same structure as
described with reference to FIG. 10. The data strobe signal
DQS, the delay of which 1s adjusted by the mnput delay
sweep circuit 121_10, may be sent to the nonvolatile
memory device 110a through the data strobe pad DQSP.

In an example embodiment, components that generate
various signals (e.g., the read enable signal/RE and/or the
write enable signal AYE) by using the clock CLK may be
provided to the memory interface 121. However, such
components are omitted 1n this disclosure so as not to
confuse the technical concepts of the mventive concepts.

FIG. 18 illustrates an example 1n which training 1s per-
formed according to the method of FIG. 14. In FIG. 18, a

delay of the data strobe signal DQS 1s assumed to increase
from the first delay DLY1 to the ninth delay DLY9 toward

the bottom. Referring to FIGS. 1, 2, and 18, the controller
120 may send the data bit DB1_1 through the first data input
and output line DQ1 along with the data strobe signal DQS.

When the data strobe signal DQS with the first delay
DLY1 has a rising edge 1n the nonvolatile memory device
110, the bit DB1_1 has an invalid value (or information).
Accordingly, the nonvolatile memory device 110a may write
or store an mvalid value. When the controller 120 requests
a read operation, the nonvolatile memory device 110a may
send the invalid value to the controller 120. That 1s, the
controller 120 may determine the bit DB1_1 associated with
the data strobe signal DQS having the first delay DLY1 as
the fail “F”.

When the data strobe signal DQS with the second delay
DLY?2 has a rising edge 1n the nonvolatile memory device
110, the bit DB1_1 has an mvalid value. Accordingly, the
controller 120 may determine the bit DB1_1 associated with
the data strobe signal DQS having the second delay DLY?2
as the fail “F”.

When the data strobe signal DQS with the second delay
DLY3 has a rising edge 1n the nonvolatile memory device

110, the bit DB1_1 has a valid value. Accordingly, the
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controller 120 may determine the bit DB1_1 associated with
the data strobe signal DQS having the third delay DLY3 as
the pass “P”.

When the data strobe signal DQS with the delay DLY1 (1
being one of 4 to 8) has a rising edge 1n the nonvolatile
memory device 110, the bit DB1_1 has a valid value.
Accordingly, the controller 120 may determine the bit
DB1_1 associated with the data strobe signal DQS having
the delay DLY1 has the pass “P”.

When the data strobe signal DQS with the ninth delay
DLY9 has a rising edge 1n the nonvolatile memory device

110, the bit DB1_1 has an invalid value. Accordingly, the

controller 120 may determine the bit DB1_1 associated with
the data strobe signal DQS having the ninth delay DLY9 as
the fail “F”.

As 1llustrated 1n FIG. 18, when a first pass 1s determined
with respect to the data strobe signal DQS having the third
delay DLY3, a first boundary (e.g., a start boundary) of the
bit DB1_1 1s detected. The controller 120 may store the
second delay DLY2 or the third delay DLY 3 1n relation to the

first boundary of the bit DB1_1.

When a first fail 1s determined with respect to the data
strobe signal DQS having the ninth delay DLY9 after the
first pass, a second boundary (e.g., an end boundary) of the
bit DB1_1 1s detected. The controller 120 may store the
second delay DLY 8 or the third delay DLY9 1n relation to the
second boundary of the bit DB1_1.

The training operation described with reference to FIG. 18
may be equally performed with respect to each of the
remaining data input and output lines DQ2 to DQ8. For
example, the training operation may be performed on the
data mput and output lines DQ1 to DQ8 independently of
cach other, 1n parallel, or individually (e.g., stmultaneously).
The controller 120 may detect timings of the data bits DB
through the training operation.

An example 1n which training 1s performed while sequen-
tially increasing a delay of the data strobe signal DQS has
been described with reference to FIG. 18. However, the
technical concepts of the inventive concepts may be changed
or applied such that training 1s performed while sequentially
decreasing a delay of the data strobe signal DQS.

If the edges of the data bits DB are detected, as described
with reference to FIG. 12, the controller 120 may detect the
centers of the data bits DB. The controller 120 may calculate
the delays with respect to the data mput and output lines
DQ1 to D8, respectively, such that the centers of the data
bits DB are aligned to, for example, the most delayed center
among the centers of the data bits DB. Afterwards, the
controller 120 may adjust the delays of the mput delay
circuits 121_1 to 121_8 based on the calculated delays,
respectively.

FIG. 19 1s a block diagram illustrating a storage device
200 according to an example embodiment of the inventive
concepts. Referring to FIG. 19, the storage device 200 may
include a plurality of nonvolatile memory devices 210a,
2105, . . ., and 210z and a controller 220. The nonvolatile
memory devices 210a, 2015, . . . , and 210z may include
homogeneous memories or heterogeneous memories. The
nonvolatile memory devices 210qa, 2015, . . ., and 210z may
communicate with the controller 220 through the data input
and output lines DQ, the first control lines CT1, and the
second control lines CT2.

The data mput and output lines DQ may be connected in
common to the nonvolatile memory devices 210a, 2015, . .
., and 210z. For example, a signal (e.g., a data bit) that 1s
received from the controller 220 may be provided 1n com-
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mon to the nonvolatile memory devices 210q, 2015, . . ., and
210z through one of the data input and output lines DQ.

The first control lines C'T1 may be connected 1n common
to the nonvolatile memory devices 210a, 2015, . . ., and
210z. For example, a signal (e.g., a control signal) that 1s sent
from the controller 220 may be provided in common to the
nonvolatile memory devices 210aq, 2105, . . . , and 210z
through one of the first control lines CT1.

The second control lines C12 may be individually con-
nected to the nonvolatile memory devices 210a, 2015, . . .
, and 210z. For example, the controller 220 and the non-
volatile memory device 210a may be connected through at
least one of the second control lines CT2. For example, the
controller 220 and the nonvolatile memory device 2105 may
be connected through at least another of the second control
lines CT2.

Among signals sent through the second control lines CT172,
the chip enable signal/CE may be used for the controller 220
to select a nonvolatile memory device targeted for an access
among the nonvolatile memory devices 210q, 2105, . . ., and
210z. The ready/busy signal R/B may be used for each of the
nonvolatile memory devices 210a, 2105, . . . , and 210z to
indicate a state, for example, a ready state or a busy state.

The nonvolatile memory devices 210a, 2105, . . . , and
210z may recerve the chip enable signals/CE through dedi-
cated control signals (e.g., ones of the second control lines
CT2), respectively. The nonvolatile memory devices 210a,
21056, . . ., and 210z may send the ready/busy signals R/B
through dedicated control signals (e.g., the others of the
second control lines CT2), respectively.

The controller 220 may include a memory interface 221,
an mput and output trainer 222, and a memory 223. The
controller 220 may perform training operation described
with reference to FIGS. 2 to 18 with regard to the nonvolatile
memory devices 210a, 2105, . . ., and 210z. For example,
the controller 220 may sequentially perform the traiming
operation on the nonvolatile memory devices 210a, 2105, .
. ., and 210z sharing the data mput and output lines DQ).

For example, the controller 220 may perform the training
operation with the nonvolatile memory device 210a. After
the training operation with the nonvolatile memory device
210a 1s completed, the controller 220 may perform the
training operation with the nonvolatile memory device 2105.
The traiming operation may include at least one of an output
(or read) training operation or an input (or write) training
operation.

FIG. 20 1s a block diagram illustrating a storage device
300 according to an application of the mventive concepts.
Referring to FIG. 20, the storage device 300 may include
nonvolatile memory devices 310a, 3105, . . ., and 310z of
a first channel CHI1, nonvolatile memory devices 310a,
3105, . . ., and 310z of a second channel CH2, and a
controller 320. The controller 320 may include a memory
interface 321, an iput and output trainer 322, and a memory
323.

The memory interface 321 may control the first channel
CH1 and the second channel CH2 independently of each
other, individually, or 1n parallel. The memory interface 321
may simultaneously perform training in the second channel
CH2 while performing training 1n the first channel CHI.

According to the inventive concepts, a storage device
performs a traiming operation on a data strobe signal and data
bits while delaying the data strobe signal. A delay element
having a relatively large delay 1s used with respect to the
data strobe signal, and delay elements having a relatively
small delay are used with respect to the data bits. Accord-
ingly, storage devices and/or operating methods may be able
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to reduce the size and complexity of the delay elements
and/or reduce overhead due to the training operation.

While the mventive concepts have been described with
reference to some example embodiments thereof, 1t will be
apparent to those of ordinary skill 1in the art that various
changes and modifications may be made thereto without
departing from the spirit and scope of the inventive concepts
as set forth in the following claims.

What 1s claimed 1s:

1. A storage device comprising:

a first nonvolatile memory device including first memory

blocks;

a second nonvolatile memory device including second

memory blocks; and

a controller connected with the first nonvolatile memory

device and the second nonvolatile memory device
through data mput and output lines and a data strobe
line,

wherein the controller 1s configured to mput first data bits

and second data bits through the data input and output
lines to the first nonvolatile memory device and the
second nonvolatile memory device,
wherein the controller 1s configured to read third data bits
corresponding to the first data bits and fourth data bits
corresponding to the second data bits through the data
mnput and output lines from the first nonvolatile
memory device and the second nonvolatile memory
device, respectively,
wherein the first nonvolatile memory device 1s further
configured to receive a read enable signal from the
controller and output a first data strobe signal to the
controller during a first training operation, the first data
strobe signal being delayed from the read enable signal,

wherein the second nonvolatile memory device 1s further
configured to receive the read enable signal from the
controller and output a second data strobe signal to the
controller during a second training operation, the sec-
ond data strobe signal being delayed from the read
enable signal,
wherein the read enable signal toggles with a certain
period during a first time interval and stops toggling
with the certain period during a second time mterval,

wherein the second tramning operation on the second
nonvolatile memory device 1s performed aiter the first
training operation on the {first nonvolatile memory
device, and

wherein the controller 1s configured to,

align centers of the first data bits to an edge of a third
data strobe signal being input to the first nonvolatile
memory device, and

align centers of the fourth data bits to an edge of a
fourth data strobe signal being nput to the second
nonvolatile memory device.

2. The storage device of claim 1, wherein the first non-
volatile memory device and the controller are further con-
figured to perform a third training operation to align the first
data strobe signal and the third data bats.

3. The storage device of claim 2, wherein:

the first nonvolatile memory device 1s further configured

to output the third data bits to the data input and output
lines, and

in the second training operation, the controller 1s further

coniigured to,

send a command to the first nonvolatile memory
device,

receive the third data bits based on the command in
sync with the first data strobe signal, and
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align the third data bits and the first data strobe signal
based on the received third data bats.

4. The storage device of claim 3, wherein in the second
training operation, the controller 1s further configured to
send information of the third data bits along with the
command to the first nonvolatile memory device.

5. The storage device of claim 1, wherein

the first nonvolatile memory device 1s configured to adjust

a delay of the first data strobe signal during the first
training operation, and

the second nonvolatile memory device 1s configured to

adjust a delay of the second data strobe signal during
the second training operation.

6. The storage device of claim 5, wherein

during the first training operation, the first nonvolatile

memory device 1s configured to maintain delays of the
third data bits while adjusting the delay of the first data
strobe signal, and

during the second training operation, the second nonvola-

tile memory device 1s configured to maintain delays of
the fourth data bits while adjusting the delay of the
second data strobe signal.

7. The storage device of claim 1, wherein the first training,
operation 1s performed after power-on of the storage device.

8. A storage device comprising:

a {irst nonvolatile memory device including first memory

blocks:;

a second nonvolatile memory device including second

memory blocks; and

a controller connected with the first nonvolatile memory

device and the second nonvolatile memory device
through data mput and output lines and a data strobe
line,

wherein the controller 1s configured to mput first data bits

and second data bits through the data input and output
lines to the first nonvolatile memory device and the
second nonvolatile memory device,
wherein the controller 1s configured to read third data bits
corresponding to the first data bits and fourth data bits
corresponding to the second data bits through the data
mput and output lines from the first nonvolatile
memory device and the second nonvolatile memory
device, respectively,
wherein the first nonvolatile memory device 1s further
configured to receive a read enable signal from the
controller and output a first data strobe signal to the
controller during a first traiming operation, the first data
strobe signal being delayed from the read enable signal,

wherein the second nonvolatile memory device 1s further
configured to receive the read enable signal from the
controller and output a second data strobe signal to the
controller during a second training operation, the sec-
ond data strobe signal being delayed from the read
enable signal,

wherein the read enable signal toggles with a certain

period during a first time interval and stops toggling
with the certain period during a second time 1nterval,
and

wherein the second training operation on the second

nonvolatile memory device 1s performed after the first
training operation on the {first nonvolatile memory
device, and

wherein the controller 1s further configured to,

repeat reading the third data bits to adjust delays of the
third data bits, and

repeat reading the fourth data bits to adjust delays of the
fourth data bits.
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9. The storage device of claim 8, wherein

the first nonvolatile memory device 1s further configured
to adjust a delay of the first data strobe signal after
outputting the third data bits and before outputting the
third data bits next, and

the second nonvolatile memory device 1s further config-
ured to adjust a delay of the second data strobe signal
alter outputting the fourth data bits and before output-
ting the fourth data bits next.

10. A storage device comprising:

a first nonvolatile memory device including first memory

blocks:

a second nonvolatile memory device including second
memory blocks; and

a controller being connected to the first nonvolatile
memory device through a first channel including first
data mnput and output lines and a first data strobe line,
the controller being connected to the second nonvola-
tile memory device through a second channel including
second data input and output lines and a second data
strobe line,

wherein the controller 1s configured to mput first data bits
through the first channel to the first nonvolatile memory
device,

wherein the controller 1s configured to 1nput second data
bits through the second channel to the second nonvola-
tile memory device,

wherein the controller 1s configured to read third data bits
corresponding to the first data bits through the first
channel from the first nonvolatile memory device,

wherein the controller 1s configured to read fourth data
bits corresponding to the second data bits through the
second channel from the second nonvolatile memory
device,

wherein the first nonvolatile memory device 1s further
configured to receive a first read enable signal from the
controller and output a first data strobe signal to the
controller during a first training operation, the first data
strobe signal being delayed from the first read enable
signal,

wherein the second nonvolatile memory device 1s further
configured to receive a second read enable signal from
the controller and output a second data strobe signal to
the controller during a second training operation, the
second data strobe signal being delayed from the sec-
ond read enable signal,

wherein the first read enable signal 1s configured to toggle
during a first time 1nterval and stop toggling during a
second time interval,

wherein the second read enable signal 1s configured to
toggle during a third time interval and stop toggling
during a fourth time interval,

wherein the controller simultaneously perform the first
training operation in the first channel and the second
training operation in the second channel,

wherein the first nonvolatile memory device 1s configured
to adjust a delay of the first data strobe signal during the
first training operation, and
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wherein the second nonvolatile memory device 1s config-
ured to adjust a delay of the second data strobe signal
during the second training operation.
11. The storage device of claim 10, wherein the controller
1s Turther configured to

align centers of the first data bits to an edge of a third data
strobe signal input to the first nonvolatile memory
device, and

align centers of the fourth data bits to an edge of a fourth

data strobe signal imput to the second nonvolatile
memory device.

12. The storage device of claim 10, wherein the first
nonvolatile memory device and the controller are further
configured to perform a third training operation to align the
first data strobe signal and the third data bits.

13. The storage device of claam 12, wherein

the first nonvolatile memory device 1s further configured

to output the third data bits to the data input and output
lines, and

in the second training operation, the controller 1s further

configured to,

send a command to the first nonvolatile memory
device,

receive the third data bits based on the command in
sync with the first data strobe signal, and

align the third data bits and the first data strobe signal
based on the received third data baits.

14. The storage device of claim 13, wherein 1n the second
training operation, the controller 1s further configured to
send nformation of the third data bits along with the
command to the first nonvolatile memory device.

15. The storage device of claam 10, wherein

during the first training operation, the first nonvolatile

memory device 1s configured to maintain delays of the
third data bits while adjusting the delay of the first data
strobe signal, and

during the second training operation, the second nonvola-

tile memory device 1s configured to maintain delays of
the fourth data bits while adjusting the delay of the
second data strobe signal.

16. The storage device of claim 10, wherein the controller
1s Turther configured to,

repeat reading the third data bits to adjust delays of the

third data bits, and

repeat reading the fourth data bits to adjust delays of the

fourth data bits.

17. The storage device of claim 16, wherein

the first nonvolatile memory device 1s further configured

to adjust the delay of the first data strobe signal after
outputting the third data bits and before outputting the
third data bits next, and

the second nonvolatile memory device 1s further config-

ured to adjust the delay of the second data strobe signal
after outputting the fourth data bits and before output-
ting the fourth data bits next.

18. The storage device of claim 10, wherein the first
training operation 1s performed aiter power-on of the storage
device.
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